Abstract-The mobile users on board vehicles often experience low quality of service due to the vehicular penetration effect, especially at the cell edges. The so-called mobile-cells are installed inside public transport vehicles to serve the commuters. On one end, the mobile-cells have a wireless backhaul connection with the nearest base station, and on the other, they connect wirelessly to the in-vehicle users over access links. This paper integrates the mobile-cells within the cellular networks by reusing their subchannels. Firstly, this paper proposes an algorithm that allows spectrum sharing for access-link with out-of-vehicle cellular users or MC's backhaul-links. Secondly, it proposes a scheme for controlling the transmit power over the access link to mitigate interference to the backhaul-link, while maintaining high link quality for in-vehicle users.
I. INTRODUCTION
The upcoming Fifth Generation (5G) of cellular technology is expected to boost network performance by supporting a number of new features including multi-layered network architecture [1] , [2] . The envisaged heterogeneous network (HetNet) follows a two-layered architecture. The first layer of the this architecture provides coverage to a wider geographical area, and is served by the macrocell eNB (MeNB). The second layer serves the dense cellular regions [3] and is covered by various small-cell eNBs (SeNB), which are fixed lowpower base stations. SeNBs can be installed inside stadiums, offices, shopping malls, homes, etc. More recently, the mobile version of the small-cells have also emerged as wireless hotspots mounted on board vehicles to serve the passengers on trains, subways, or buses etc. The so-called mobile-cells (MC) provide seamless services to the commuters [4] - [7] and help in minimizing the power loss as the wireless signals penetrate through a vehicle's body. This power loss is termed as the vehicular penetration effect (VPE), which can reduce the signal strength by as much as 23 dB [8] .
An MC comprises of an anchor point that acts as a wireless gateway between the users inside the vehicle and the macrocell base station as shown in Fig. 1 . An MC typically consists of two antennae: one mounted on top of the vehicles that establishes a connection with the macrocell on the backhaul (BH) link, and the other antenna is housed inside the vehicle to provide coverage to the vehicular users on the access link (AL). Therefore, the mobile-cell architecture decouples the MC users (MUE) and the core network. The performance analysis of the cellular networks that deploy mobile-cells has been reported in [6] , [9] - [11] , etc. It has been shown that the mobile-cells can effectively eliminate VPE, reduce the number of handovers, enhance quality of service (QoS) for commuting users, and increase network throughput. In [12] , the authors have performed experiments to demonstrate that a cache mechanism (such as in mobile-cells) can greatly reduce bandwidth consumption for the public transport users. If the employed cache already contains the contents required by a vehicular user, the MC will not need to access the core network. A significant problem with the mobile-cells is that they may cause severe interference to the macro-cell users as demonstrated by the system-level simulations reported in [9] . It has been argued that the random mobility of the MCs may decrease the overall system throughput due to the interference caused to the fixed cellular layers. The authors in [13] have proposed to use separate bands for in-vehicular and out-of-thevehicle communication. This approach maintains the quality of service by eliminating the interference caused due to MC, but at the expense lower spectral efficiency.
A. Related Works
Spectrally efficient resource allocation algorithms have been presented in [14] , [15] , which use graph theory to optimize the power and frequency allocation to the fixed and mobilecells. The optimization is meant to minimize interference with the neighboring cells, while maximizing resource utilization. Similar technique has been used to assign BH resources for arXiv:1808.01700v1 [eess.SP] 5 Aug 2018
B. Paper Contribution
Contrary to the existing works, this paper proposes resource sharing scheme for mobile-cell's access-link supporting down link transmissions, which, to the best of authors' knowledge, has not been investigated before. The proposed scheme allows the AL to share resources with either downlink transmission to the out-of-vehicle cellular users or with the backhaul-link of MC. The proposed dynamic resource sharing algorithm (DRSA) ensures that AL in the mobile-cells do not require additional sub-channels. Secondly, a power control scheme for AL transmissions is also proposed to enhance the quality of received BH signals without compromising on QoS for the in-vehicle users.
The rest of this paper is organized as follows. Section II explains the system model. Section III presents the resource sharing algorithm along with mathematical analysis. Section IV demonstrates AL power control mechanism. Section VI discusses the analytical and simulation results. This paper is concluded in Section VII.
II. SYSTEM MODEL A. Network Model
As we have considered downlink communication for all links, MeNBs and SeNBs are distributed according to homogeneous Poisson point process (PPP) Φ M and Φ S with Exponentially distributed fading power for a channel between transmitter-receiver pair tx − tr for sub-channel ω. VPE factor (0 < ≤ 1). γ SIC factor (0 ≤ γ ≤ 1).
density λ M and λ S (base-stations/m 2 ) on the Euclidean plane, respectively. Subscript M and S denote the MeNBs and SeNBs in Φ M and Φ S , respectively. The probability density function of the distance to the neighboring base-stations is given as [22] :
where [23] - [25] . The out-of-vehicle cellular users (CUE) form a set U and are distributed uniformly over the plane. The individual CUEs are denoted as u i , such that u i ∈ U and i ∈ {1, 2, 3...|U|}, where |.| shows the cardinality of the set. For the sake of simplicity and without the loss of generality, we have considered a single MUE per mobile-cell and denote it as v. Each MC has a BHantenna, which links it to the core network, and a directional AL-antenna (ã) that is mounted under the roof of the vehicle's body. The placement of AL-antenna is such that it enhances the Line of Sight (LoS) component on the AL [26] , [27] . As for SIC, the performance enhancement is highly dependent on the fact that a common communication control-unit manages the transmission and reception of signals for BH and AL connections [21] . For simplicity, all concerned notations have been summarized in Table I .
B. Channel Model
In wireless mobile environments, the channel gain is considered as the product of the large-scale and the small-scale gain [28] . All the links to the MC BH-antenna, including MeNB-MC and interfering links, follow quasi-static Rayleigh fading. The large scale attenuation follows standard path loss model i.e. d −α , where d is the distance from transmitter to receiver and α is the general path loss exponent. Due to the use of directional AL-antenna, AL follows Rician fading where the K-factor determines the strength of the LOS component. The distance of MUE v from AL-antenna is rã v . We have used α i and α o as the non-LOS and LOS pathloss exponents, respectively. The transmit powers for MeNB, SeNB and MC AL-antenna are represented as P M , P S , and Pã, respectively.
C. Spectrum Sharing
We consider three links: A-MeNB to MC's BH, AL-antenna to MUE's AL, and A-MeNB to CUE for cellular DL. As shown in Fig. 2 , the sub-channel ω is shared by MC AL with either MC BH or cellular link such that ω is assigned for BH transmission to MC when there is data to be transmitted from A-MeNB to MC. Otherwise, ω is assigned to out-ofvehicle CUE. The resource sharing algorithm is presented in Section III. On the other hand, we define κ as the indicator for transmission over sub-channel ω in the small-cell layer. If all SeNBs utilize sub-channel ω, then κ = 1. Similarly, when none of the SeNBs transmit over ω, then κ = 0. In this study, we have studied the worst-case scenario (κ = 1, when small-cells are densely populated and are forced to transmit on sub-channel ω), and the best case scenario (κ = 0, when smallcells are sparsely populated and do not utilize sub-channel ω). κ = 1 when all SeNBs transmit over RB ω .
0 when none of the SeNB transmit over RB ω .
D. Signal-to-Interference Ratio
We have assumed an interference limited environment where noise can be neglected [22] . The SIR for BH when M transmit to m over sub-channel ω, is given as:
where r m is the distance from A-MeNB to MC m.
,m is the total interference from neighboring MeNBs transmitting on the same sub-channel.
,m is the interference from SeNBs and r M , r S are the distance of MC from interfering MeNB (excluding A-MeNB) and SeNBs, respectively.
is the interference from the AL-antenna of MC m, where rã m is the distance between backhaul antenna and AL-antenna. h ω tx,tr is the exponentially distributed fading power between transmitter (t x ) and receiver (t r ) for sub-channel ω. Vehicular penetration factor is denoted as such that 0 < ≤ 1. The quality of isolation between BH and AL is determined by . The higher the , the lower the isolation between the two links. The SIC factor is denoted by γ such that 0 ≤ γ ≤ 1. Note that the interference from neighboring MC is negligible (I ã ≈ 0) as the AL-antenna acts as the primary source of interference. Note that the neighboring mobile-cells residing in the same macrocell are not allocated the same resources. Hence Eq. 2 becomes:
The SIR (Υ 2 ) for a cellular user uī that uses sub-channel ω in the downlink is:
where r uī is the distance between uī and A-MeNB. I ã is the interference from the AL of the MC m such that
muī , where r muī is the distance between uī and m. The SIR for AL at the receiver of user v from AL-antennã a on sub-channel ω is Υ 3 which is given as:
where I C is the interference from cellular transmitters, i.e.
and r M is the distance of MC m from all interfering MeNBs. We have considered that the AL-antenna is installed at such a position that all users are within the LOS range of the transmitter. Note that the interference from neighboring MCs' AL-antennas is negligible. Hence for all interfering MC AL-antennaã , I ã 2 ≈ 0. Hence Eq. 5 becomes:
III. DYNAMIC RESOURCE SHARING ALGORITHM
In this section we present Dynamic Resource Sharing Algorithm (DRSA). Note that when there is no data to be transmitted from A-MeNB to MC, ω is assigned to CUE uī, which is selected from the CUE set U based on the distance between MC m and the user uī, as shown in Algorithm I.
Algorithm I outlines the scheme that allows sharing of sub-channel ω over multiple links. In the following, we will analyze the performance of the proposed resource sharing algorithm with specific regard to the quality of service. The parameter of interest is success probability (p), which depends on the SIR at the receiver. The received SIR should be greater 
end if end for than the threshold θ for a transmission to be successful. Mathematically, success probability for a link between transmitter t x and receiver t r over sub-channel ω can be represented as p = P[Υ(ω, t x → t r ) > θ], where P[.] represents the probability of an event. Success probabilities of the individual links are covered in the following: Theorem 1: Success Probability for Backhaul link Success probability for backhaul links is calculated for the following two cases:
1) When κ = 1:
θ + 1 and
2) When κ = 0:
where
Proof: See Appendix A.
The variables Y 1 and Y 2 are termed as BH success-link parameters, which help in increasing the success probability for the BH link. They have been expressed in terms of Pã, which is derived in the next section. The success-link parameters determine the relationship between BH success probability and transmit power of AL-antenna. Also note that Eq. 7 and Eq. 9 are not the closed form expressions and are difficult to solve analytically. Hence, they are evaluated numerically and results are presented in Section VI.
Theorem 2: Success Probability of Shared Cellular DL
In case there is no BH communication for MC, MUE v shares the sub-channel ω with a cellular user uī. The success probability for the shared DL cellular transmission is given as:
Proof: See Appendix B.
Note that in Eq. 11, p DL depends on the distance of CUE uī from A-MeNB (r uī ), and on the distance between uī from MC m (r muī ).
Theorem 3: Success Probability for Access-Link
The success probability for access-link is given as:
where Ψ (2q/αi,j−m) = Γ(2q/αi+1) Γ(2q/αi−(j−m)+1) and Γ(.) is the Gamma function. K is the Rician K-factor and J, Q are the upper limits for index parameter j, q respectively. The numerical values of J, Q are given in Section VI, and
where β(α) = The signals received on the mobile-cell's BH link experience high interference from the AL-antenna transmission that is in close vicinity to the BH-antenna. On the other hand, the transmission quality over AL is affected by the neighboring cellular transmitters (MeNBs and SeNBs). However, since it uses directional antennae, AL can yield high success probability even with smaller transmit power. We therefore propose that the MC adaptively controls the transmit power of the AL-antenna (Pã) to enhance the reception quality over BH link. The increased reception quality should not compromise the quality of service for the in-vehicle cellular users. The proposed adaptive power control scheme can be moderated by the MC's communication control unit [21] .
Considering α i = 4 for AL success probability in Eq. 45, and using the property e (.) = ∞ q=0 (.)! , p AL can be written as:
where Ψ (2q/αi,j−m) and Ω κ are given in Theorem 3. Then, AL antenna's transmit power will be:
Note that Pã in Eq. 14 is the function of AL's success probability (p AL ), which can be determined by MC communication control-unit based on transmission requirement for the in-vehicle users. Other parameters such as K-factor for LoS transmission, γ, are assumed to be pre-determined by the MC communication control-unit. The parameters such as λ M and λ S can be broadcast by A-MeNB [29] , [30] . We have assumed fixed transmission power for macrocell and small-cell layers.
For BH, the expressions of the success probability for the case when κ = 1 and when κ = 0 are given as Eq. 7 and Eq. 9, respectively. Using AL power control, the BH success-link parameters (Y 1 and Y 2 as given in Eq. 8 and Eq. 10) can be modified by inserting Pã from Eq. 14 as:
When κ = 1:
When κ = 0:
V. ERGODIC RATE AND SUB-CHANNEL REUSE
In this section, we first measure the ergodic rate per subchannel in nats/sec/Hz (1 nat ≈ 1.443 bits) for each link. The analysis of sub-channel reuse following the proposed algorithm is also presented in this Section.
The ergodic rate for BH (T BH ) is derived as Eq. 17 [22] ,
am . On the other hand, the ergodic rate of the cellular downlink is given as: 
And finally, AL's ergodic rate is given as:
where Ψ (2q/αi,j−m) is defined in Theorem 3.
Complete derivations of T BH , T DL and T AL are given in Appendix D. We use numerical integration to solve Eq. 17, 18 and 19, and report the results in Section VI.
Sub-channel Reuse
The sub-channel reuse factor (Q ω ) is defined as the number of times a sub-channel ω is used under the coverage of an MeNB. Note that since AL shares the resource with either BH or DL cellular communication, hence Q ω ≥ 2. However, if the small-cells also transmit on the same sub-channels, Q ω becomes:
where κ η is an indicator function such that κ η ∈ {0, 1} is 1 when small-cell η transmits on the same frequency as MC's AL, and 0 when the small-cell is silent. |B| is the area-bound (in square meter) around an A-MeNB. We can see from Eq. 20 that the sub-channel reuse factor has a linear relationship with the density of the small-cells (λ S ) as well as with the indicator function κ η . Intuitively, it can be seen that the reuse-factor will be 2 when no small-cell transmit on the sub-channels shared by MC.
VI. SIMULATION AND RESULTS
In this section, we present the evaluation for the proposed DRSA algorithm using Monte-Carlo simulations. The total area considered for simulations is 40 Km × 40 Km. We averaged the results for 10,000 realizations for each simulation. The simulation results reported below have been validated using mathematical analysis. Table II contains the concerned simulation parameters.
A. Backhaul Link Performance Evaluation
Fig . 3 shows the success probability for the BH link for three cases: κ = 0, κ = 1 and P S = 23 dBm, and when κ = 1 and P S = 3 dBm. It can be seen that the difference between the BH success probability when small-cells transmit with low power (P S = 3 dBm), and when κ = 0 is marginal. On the other hand, when the small-cells transmit with relatively higher power, the success probability is lower compared to the other two cases. This is intuitive because the main source of interference is the AL-antenna, which is located closer to the BH-antenna. The slight difference between the analytical and simulation result (see Fig. 3 ) is because we have considered numerical approximations in Eq. 7 and Eq. 9, as mentioned in Section III. Fig. 4 demonstrates the combined effect of SIR Threshold (θ) and the penetration factor ( ) on the success probability of the BH link. It is evident from the figure that success probability for BH will increase with higher VPE (i.e. lower values of ), especially for lower SIR thresholds. Fig. 5 presents the success probability for the downlink cellular link for out-of-vehicle user uī. It can be seen that the link quality improves significantly as the distance between the mobile-cell and out-of-vehicle user increases, enabling efficient resource sharing between AL and the cellular downlink. The impact of SIC on the success probability of BH has been shown in Fig. 6 . It is obvious that the success probability can be higher for an ideal SIC-enabled system. On the contrary, with no SIC, BH link quality degrades drastically, especially for higher SIR threshold values. Fig. 7 shows the ergodic capacity of the BH link. It is evident from the figure that the ergodic capacity per sec/Hz will increase if SIC is employed. Even for the sparse macrocell deployment (e.g. when λ M = 2 × 10 −6 ), the capacity of BH link with 90% SIC is higher than the BH capacity when the macrocells are densely deployed (e.g. λ M = 4 × 10 −6 ) and there is no SIC at BH. Fig. 8 demonstrates the performance analysis of AL. Note that due to the use of directional antennae, the quality of AL is high even for the higher values of θ and . AL success probability approaches 1 when high VPE prevents interference The Rician K-factor is assumed to be 2 dB, which means that there exists a nominally dominant LOS component as compared to the multipath components. Also note from Fig. 8 that at very high SIR thresholds, success probability over AL deteriorates for poorly isolated MC structure (e.g. = 0.8). On the contrary, if we assume a strong LOS, then the success probability for AL would be very high, even for poorly-isolated scenarios. However, in practical scenarios, K does not attain high values (e.g. K ≥ 10, etc).
B. Access Link Performance Evaluation
Finally, Fig. 9 shows the relationship between the success probability of AL and BH. It can be observed that with high MC-structural isolation, alongside accurate SIC suppression, AL and BH links can offer highly successful transmissions. It is interesting to note that the success probability for AL depends, among other factors, on the transmissions power of the AL antenna (refer to Eq. 14). It means that based on the nature of the transmission required by AL, transmit power of the AL-antenna (Pã) may be adjusted dynamically, which will consequently affect the BH link. 
VII. CONCLUSION
In this research, we have catered a serious challenge posed by integrating MC with cellular network. Following conventional spectrum allocation schemes, distinct resources would be required for wireless backhaul and access links for MC. Such schemes would reduce network spectral efficiency. We proposed dynamic resource sharing algorithm to ensure that AL shares sub-channel either with MC's BH link or out-ofvehicle cellular user. VPE was exploited along with using SIC technique to reduce interference between the shared links. It was observed that for lower values of penetration factor ( ), higher success probabilities for BH, AL, and cellular link are achieved. Further results demonstrated that nearly 100% increase in the ergodic rate of BH link is achieved by employing SIC. The access-link power-control was also proposed to reduce the interference to the backhaul link. It was shown that with high penetration factor and efficient SIC, BH and AL attain high success probability, simultaneously.
Resource management for sidehaul links between mobilecells is the focus of our on-going research.
APPENDIX A DOWNLINK BACKHAUL SUCCESS PROBABILITY
Let p BH be the Success Probability for BH
where expectation E[.] is with respect to the location of MC around A-MeNB. 
where the expectation is with respect to the total interference from neighboring transmitters (i.e. MeNB, SeNB, or MC). Using the Laplace transform for random variable i.e. L X (s) = E[e −sX ], and using the fact that I M , I S , and Iã are independent random variables, p BH becomes:
A. Backhaul Success Probability : when κ = 1
Starting from Eq. 24, we find L I M (s) as [22] :
sin(2π/α) and Γ(.) is the Gamma function. 
Hence, p BH becomes:
Eq. 28 does not have a closed-form expression. However, for α i = 4, a more tractable form can be obtained for numerical evaluation. Considering = 1 1+λ M πr 2 m , Eq. 28 can be transformed into Eq. 7.
B. Backhaul Success Probability : when κ = 0
The success probability p BH when κ = 0 is:
Using L I M (s) in Eq. 25 and L Iã (s) in Eq. 27, p BH becomes:
Eq. 31 is not a closed-form expression. However, for α i = 4, numerically tractable form for Eq. 31 can be evaluated by considering z = 1 1+rm which is represented as Eq. 9. This completes the proof APPENDIX B DOWNLINK CELLULAR LINK SUCCESS PROBABILITY Following Eq. 4, the success probability for DL cellular transmission (p DL ) can be given as:
Using CCDF of h ω M,uī , we get:
where expectation is with respect to the random variables I M , I S , and I ã . Following independence of I M , I S , and I ã and the techniques used in Appendix A and following α i = 4, we can obtain p DL by using following Laplace transforms with Eq. 33,
Hence, p DL is given as Eq. 11. This completes the proof
APPENDIX C DOWNLINK ACCESS LINK SUCCESS PROBABILITY
We start by stating that p AL is the probability of success for MC-to-MUE link which is given as
, then
Then the Success probability can be found as:
As mentioned in Section II, the transmission between ALantenna and MUE inside MC has strong LOS component due to presence of directional antennas. Hence, the link between transmitterã and receiver v follows Rician fading. Consequently, the channel h (hã) can be given as Ch:3, [31] :
where K is the ratio of power for dominant to the scattered component of access link and I 0 (.) is the modified Bessel function of the first kind of Zeroth order.
The K-factor determines how strong is the impact of the LOS component of the signal. For example, K = 0 means the signal follows multipath fading with no dominant LOS component. On the other hand, K = ∞ means that a direct LOS component eliminating all scattering waves. The average received power by Rician fading is
. If the scattered component of the link is modeled as the Gaussian random variable with the variance σ 2 = 1/2, then P avg = K + 1 [31] . Hence, Eq. 36 will becomes:
Following Eq. 35, P h ω a,v ≤ θI ã is the CDF for the random variable h ω a,v given as F ω h . But since it is difficult to find the CDF of hã due to the presence of Zeroth order Bessel function, we will do mathematical manipulations using the expansion series provided in 8.447.1 in [32] . Then the PDF of h ω a,v becomes [33] :
The CDF for Eq. 38 is given as:
So p AL will become:
where D n (.) is the n th derivate of the function. The combined Laplace transform of I ã can be written as [33] :
where β(α) is defined in Appendix A.
We find ð(θ, n) = (−1)
where Ω κ is given in Theorem 3.
q q! , we can solve Eq .44 as:
.
So, p AL will become:
. (45) Although Eq. 45 is a closed form expression. However for large values of j and q, 1 j! and 1 q! will reach zero. Hence we can determine the upper limit for index parameters j and q as J and Q, respectively. Note that J, Q must satisfy the condition that 1 J! → 0 and 1 Q! → 0. Hence, we can rewrite the Eq. 45 as Eq. 12.
This completes the proof.
APPENDIX D ERGODIC RATES FOR SHARED LINKS

A. Ergodic Rate for Backhaul-link
The Ergodic rate for BH-link of a typical MC m is given as [22] :
where the expectations is with respect to the randomness of MC location around A-MeNB and the fading channel. . Since Eq. 48 is still combination of two improper integral and remains intractable in this form, we can solve it using numerical integration method. We consider g = 1 1+τ and σ = 1 1+ῑ to get the form as shown in Eq. 17.
B. Ergodic Rate for Access-Link
The ergodic rate for AL T AL can be found as:
T AL = , the ergodic rate for AL is represented as Eq. 19.
C. Ergodic Rate for Cellular Downlink
The Ergodic rate for cellular downlink transmission T DL can be given as:
where the expectation here is with respect to the fading effect. Following Appendix D, T DL becomes 
